Using recently derived results for one-loop hadronic splitting functions from a nonlocal implementation of chiral effective theory, we study the contributions from pseudoscalar meson loops to flavor asymmetries in the proton. Constraining the parameters of the regulating functions by inclusive production of n, ∆ ++ , Λ and Σ * + baryons in pp collisions, we compute the shape of the light antiquark asymmetryd −ū in the proton and the strange asymmetry s −s in the nucleon sea.
I. INTRODUCTION
It is well known that a complete characterization of nucleon substructure must go beyond three valence quarks. One of the great challenges of modern hadron physics is to unravel the precise role of hidden flavors in the structure of the nucleon. The observation of thē d −ū flavor asymmetry in the light quark sea of the proton [1] [2] [3] [4] , following its prediction by Thomas a decade earlier [5] on the basis of chiral symmetry breaking [6, 7] , has been one of the seminal results in hadronic physics over the past two decades. It has led to a major reevaluation of our understanding of the role of the non-valence components of the nucleon and their origin in QCD [8] .
The role that strange quarks, in particular, play in the nucleon has also been the focus of attention in hadronic physics for many years. Early polarized deep-inelastic scattering (DIS) experiments suggested that a surprisingly large fraction of the proton's spin might be carried by strange quarks [9] , in contrast to the naive quark model expectations [10] . One of the guiding principles for understanding the nonperturbative features of strange quarks and antiquarks in the nucleon sea has been chiral symmetry breaking in QCD. While the generation of ss pairs through perturbative gluon radiation typically produces symmetric s ands distributions (at least up to two loop corrections [11] ), any significant difference between the momentum dependence of the s ands distributions would be a clear signal of nonperturbative effects [12] [13] [14] .
In the previous paper [15] , we presented the proton → pseudoscalar meson (φ) + baryon splitting functions for the intermediate octet (B) and decuplet (T ) baryon configurations in nonlocal chiral effective theory [16, 17] . From the calculated splitting functions, the parton distribution functions (PDFs) of the nucleon are obtained as convolutions of these with PDFs of the intermediate state mesons and baryons [18] [19] [20] . Here we apply the results from [15] to compute, for the first time within the nonlocal theory, sea quark PDF asymmetries in the proton, including the light antiquark flavor asymmetryd −ū and the strange quark asymmetry s −s. Using SU(3) relations for the intermediate state hadron PDFs, the only parameters in the calculation of the asymmetries are the mass parameters appearing in the ultraviolet regulator functions. These will be determined by fitting cross section data from inclusive baryon production in high energy pp scattering, using the same splitting functions that appear in the PDF asymmetries.
We begin in Sec. II by summarizing the convolution formulas for the quark and antiquark PDFs in terms of the fluctuations of the nucleon into its meson-baryon light-cone components. The calculation of the PDFs of the intermediate state baryons and mesons in the chiral theory is discussed in detail in Sec. III. Numerical results for the sea quark asymmetries are presented in Sec. IV, where we compare the results ford −ū with those extracted from Drell-Yan and semi-inclusive DIS measurements, and compare predictions for s −s asymmetries with some recent PDF parametrizations. Finally, in Sec. V we summarize our results and discuss future measurements which could further constrain the PDF asymmetries experimentally.
II. CONVOLUTION FORMULAS
Using the crossing symmetry properties of the spin-averaged PDFs, q(−x) = −q(x), the n-th Mellin moment (n ≥ 1) of the distribution for a given flavor q (q = u, d, s, . . .) is defined by Q (n−1) = 1 0 dx x n−1 q(x) + (−1) nq (x) .
(1)
In the operator product expansion, the moments Q (n−1) are related to matrix elements of local twist-two, spin-n operators O µ 1 ···µn q between nucleon states with momentum p,
where the operators are given by
with ← → D = 1 2 − → D − ← − D , and the braces { · · · } denote symmetrization of Lorentz indices. The effective theory allows the quark operators O q to be matched to hadronic operators O j with the same quantum numbers [18] ,
where the coefficients c (n) q/j are the n-th moments of the PDF q j (x) in the hadronic configuration j, The nucleon matrix elements of the hadronic operators O µ 1 ···µn j are given in terms of moments of the splitting functions f j (y),
where f (n) j = 1 −1 dy y n−1 f j (y), (7) with y the light-cone momentum fraction of the nucleon carried by the hadronic state j. The operator relation in Eq. (4) then gives rise to the convolution formula for the PDFs [18, 19] ,
where q v j ≡ q j −q j is the valence distribution for the quark flavor q in the hadron j. The complete set of splitting functions f j (y) for octet and decuplet baryons is given in Ref. [15] .
In the present analysis we work under the basic assumption that the bare baryon states are composed of three valence quarks plus quark-antiquark pairs that are generated perturbatively through gluon radiation. Such contributions will effectively cancel in any differences of PDFs, such asd −ū or s −s. We therefore focus only on the nonperturbative contributions to sea quark PDFs which arise from pseudoscalar meson loops. In this approximation antiquark distributions arise only from diagrams involving direct coupling to mesons, as in the meson rainbow and bubble diagrams in Fig. 1 . The meson loop contribution to the antiquark PDFs in the nucleon can then be written as valence approximation, all of these diagrams will contribute to the u and d quarks in the nucleon. However, for the strange quark the bare coupling and wave function renormaliza-tion diagrams do not contribute. The total nonperturbative contribution from meson loops to the quark PDF in the nucleon can then be written
where q (0) is the quark PDF in the bare nucleon, and the wave function renormalization Z 2 arises from the summation over the diagrams in Figs. 2(a)-(c) [21] . Following Ref. [19] , we will work in terms of the same momentum fraction y for all meson and baryon coupling diagrams in Figs. 1 and 2. Using the same definition of the convolution integral as in Eq. (8), it will be convenient therefore to define for each of the splitting functions in Eq. (10) involving the coupling to baryons the shorthand notationf j (y)
. Explicit expressions for the splitting functions f
, which represent the diagrams in Figs. 2(d)-(k), respectively, are given in Ref. [15] . The corresponding quark PDFs for the intermediate state octet and decuplet baryons are discussed in the next section.
III. BARE BARYON AND MESON PDFS
To calculate the contributions to the quark and antiquark distributions in the proton in the convolution formulas (9) and (10) requires the proton → baryon + meson splitting functions and the PDFs of the baryons and mesons to which the current couples. The full set of splitting functions was presented in our previous paper, Ref. [15] . In this section we derive the (valence) PDFs of the bare baryon and meson intermediate states using the same chiral SU(3) EFT framework that was used to compute the splitting functions.
A. Operators and moments
In the effective theory the quark level operators are matched to a sum of hadronic level operators whose matrix elements [see Eq. (4)] are given by the moments of the splitting functions, as in Eq. (6) . Identifying all possible contributions from octet and decuplet baryon intermediate states that transform as vectors, the most general expression for the quark vector operator O µ 1 ···µn q is given by [19, 22] O µ 1 ···µn
where "Tr" denotes traces over Lorentz indices. In the first term of Eq. (11), the operator U represents pseudoscalar meson fields φ,
where f φ is the pseudoscalar decay constant, and the coefficients a (n) are related to moments of quark and antiquark PDFs in the pseudoscalar mesons. The flavor operators λ q ± are defined by
where λ q = diag(δ qu , δ qd , δ qs ) are diagonal 3 × 3 quark flavor matrices.
In the remaining terms of Eq. (11), the operators B and T α represent octet and decuplet baryon fields, respectively, and we define the Dirac tensors γ αβρ = 1 2 {γ µν , γ α } and
The coefficients {α (n) , β (n) , σ (n) } and {ᾱ (n) ,β (n) ,σ (n) } are related to moments of the spin-averaged and spin-dependent PDFs in octet baryons, while {θ (n) , ρ (n) } and {θ (n) ,ρ (n) } are related to moments of spin-averaged and spin-dependent PDFs in decuplet baryons, respectively. The coefficientsω (n) are given in terms of moments of spin-dependent octet-decuplet transition PDFs, where the octet-decuplet transition tensor operator Θ µν is defined as
Here Z is the decuplet off-shell parameter, and since physical quantities do not depend on Z, it is convenient to choose Z = 1/2 to simplify the form of the spin-3/2 propagator [23, 24] .
For the Kroll-Ruderman diagrams in Fig. 2 (e), (f), (h) and (i), the presence of the pseudoscalar field at the vertex introduces hadronic axial vector operators, whose contribution to the quark axial vector operator can in general be written as
From the transformation properties of the operators O µ 1 ···µn q and O µ 1 ···µn ∆q under parity [25] , the sets of coefficients {α (n) , β (n) , σ (n) , θ (n) , ρ (n) } and {ᾱ (n) ,β (n) ,σ (n) ,θ (n) ,ρ (n) } in (15) are the same as those in the spin-averaged operators in (11) .
The operators B and T α appearing in Eqs. (11) and (15) 
and
where ε klm is the antisymmetric tensor. Applying the relations (16) and (17) , the vector operator O µ 1 ···µn q in Eq. (11) can then be more intuitively rearranged in the form
The individual vector hadronic operators in (18) are given by 
where the PDFs correspond to those appearing in the convolution expressions in Eqs. (9) and (10) . Each of the moments Q (n−1) j can be expressed in terms of the coefficients {a (n) ; α (n) , β (n) , σ (n) ; θ (n) , ρ (n) } appearing in Eq. (11), as discussed below.
In particular, for the meson PDFs, the contributions to the U Table I for the φ = π + , K + and K 0 mesons. Conservation of valence quark number fixes the normalization of the n = 1 moment of the meson distribution, such that a (1) = 2. 
Note that in the SU(3) symmetric limit, the u-quark moments in π + and K + are equivalent, as are the s-quark moments in K + and K 0 , while the d-quark moments in π + and K 0 have equal magnitude but opposite sign,
The results for other charge states (π − , π 0 , K − and K 0 ) are obtained from those in Table I using charge symmetry. Unlike in baryons, the sea quark distributions in mesons are flavor symmetric. In the simplest valence quark models the sea quark distributions in pions and kaons are zero. are given in terms of combinations of {α (n) , β (n) , σ (n) } and listed in Table II for baryons B = p, n, Σ ±,0 , Λ, Ξ −,0 as well as for the Λ-Σ 0 interference. Solving for the coefficients, one can write these as linear combinations of the individual u, d and s quark moments in the proton,
Assuming the strangeness in the intermediate state nucleon to be zero (or equivalently, that the u content of Σ − , for example, vanishes), one finds for the lowest (n = 1) moments,
For the quark PDFs in the decuplet baryon intermediate states T , the moments Q can be obtained from the entries here by the replacements {α (n) →ᾱ (n) , β (n) →β (n) , σ (n) →σ (n) }.
B U
are listed in Table III for T = ∆, Σ * , Ξ * and Ω − . Solving for the coefficients θ (n) and ρ (n) in terms of the moments in the ∆ + baryon, one has
Again, assuming zero strangeness in the ∆ + , the n = 1 moments are given by
For the moments of the distributions generated by the tadpole diagrams in Fig. 2 (j), in Table IV we list the contributions Q (n−1) (tad)Bφφ for the u, d and s flavors in each octet baryon B. Note that the combinations involving K 0 K 0 do not contribute to the u-quark moments, those involving K + K − do not contribute to the d-quark moments, and the contributions from π + π − to the s-quark moments are also zero.
Finally, to complete the set of the contributions to the unpolarized PDFs, in Table V we list the moments Q 
including octet B and decuplet T baryons, respectively. (Similar results can be derived for other octet or decuplet baryon initial states, but are not listed here to avoid unnecessary detail.) Note that, unlike for all other contributions from the diagrams in Fig. 2 , the moments Q (n−1) (KR)B and Q (n−1)
(KR)T are given in terms of the coefficientsᾱ (n) ,β (n) andω (n) , which are related to moments of the spin-dependent parton distributions.
For the latter, recall that spin-dependent PDFs are related to matrix elements of the axial vector operators O µ 1 ···µn ∆q in Eq. (15) , which, using the relations (16) and (17), can be expanded in terms of hadronic axial vector operators with coefficients given by moments ∆Q (n−1) j of the spin-dependent distributions. In analogy to the expansion in Eq. (18), we therefore expand the axial vector operators as
where only the operators relevant for the calculation of unpolarized PDFs are listed. (The remaining terms not listed in Eq. (27) will be relevant for the calculation of spin-dependent PDFs in the proton [27] .) More explicitly, the axial vector hadronic operators in (27) are 
given by
with the corresponding moments ∆Q (n−1) j of the spin-dependent PDFs defined by
For simplicity, in Eq. (29) we restrict ourselves to the diagonal octet (B = B ) and diagonal decuplet (T = T ) cases, with respective spin-dependent PDFs ∆q B (x) and ∆q T (x), and the octet-decuplet transition distribution, ∆q BT (x). In particular, the moments ∆Q
of the spin-dependent PDFs in octet baryons can be obtained from the entries in Table II by substituting {α (n) →ᾱ (n) , β (n) →β (n) , σ (n) →σ (n) }, while the moments ∆Q BT ∆U
spin-dependent PDFs in decuplet baryons are obtained from Table III with the replacements
For the octet-decuplet axial transition distribution, the moments,
proton, one has, in analogy with Eq. (23), the relations
Similarly, for the decuplet case, the coefficientsθ (n) andρ (n) can be written in terms of the moments of the spin-dependent PDFs of quarks in the ∆ + bayron,
The moments of the octet-decuplet transition operators can be related to the moments of the octet baryon operators via the SU (3) relation
for all n. For the n = 1 octet baryon moments, in particular, the coefficients are given in terms of axial vector charges F and D,
In terms of moments of the spin-dependent proton PDFs, for the octet-decuplet transition vertex,ω (1) is given by the SU(3) symmetry relation [22] ,
which also reproduces the relation C = −2D between the mesonoctetdecuplet baryon coupling C and the meson-octet coupling D [28] . Note that through Eq. For the valence distributions in the pion and kaon, from Eq. (22) and Table I one has
for all values of x. For the PDFs in the baryons, to simplify notations we shall label the bare distributions in the proton without an explicit baryon subscript, q(x) ≡ q p (x), and those
Starting with the quark distributions in the SU (3) octet baryons, from Table II the 
For the quark distributions in the SU(3) decuplet baryons, from 
In our actual numerical calculations, for simplicity we approximate q ∆ (x) ≈ q(x), and assume valence quark dominance for the bare states, so that s(x) ≈ s ∆ (x) ≈ 0.
For the PDFs arising from the tadpole diagrams in Fig. 2 (j), from Table IV the u-, dand s-quark distributions can be written as
The distributions associated with the tadpole gauge link diagrams in Fig. 2 (g) turn out to be the same as those for the regular tadpole diagrams,
Turning now to the Kroll-Ruderman diagrams in Fig. 2 
Similarly, for the decuplet baryon intermediate states the individual quark flavor Kroll-Ruderman distributions are given by
The PDFs associated with the KR gauge link diagrams in Figs. 2(f) and 2(i) are the same as those for the regular KR diagrams,
With this set of distributions in the SU(3) octet and decuplet baryons and mesons, and the proton → meson + baryon splitting functions from Ref. [15] , we can finally proceed with the computation of the meson loop contributions to the quark and antiquark PDFs in the proton, as in Eqs. (9) and (10). In the following section we focus on the calculation of specific PDF asymmetries in the proton numerically.
IV. SEA QUARK ASYMMETRIES IN THE PROTON
To illustrate the calculation of the contributions to PDFs from pseudoscalar meson loops within the nonlocal chiral effective theory framework, we consider the examples of the flavor asymmetry in the light antiquark sea in the proton,d−ū, and the strange-antistrange asymmetry in the nucleon, s −s. In both quantities perturbatively generated contributions from gluon radiation effectively cancel, at least up to next-to-next-to-leading order corrections in α s [11] , so that observation of large asymmetries may be indicative of nonperturbative effects [12] [13] [14] .
For the numerical calculation of the meson-bayron splitting functions, earlier work used various regularization prescriptions, including sharp transverse momentum cutoffs, Pauli-Villars regularization, as well as phenomenological vertex form factors [19, 20, [29] [30] [31] [32] . At times the prescriptions have been imposed in rather ad hoc ways, without necessarily ensuring that the relevant symmetries, such as Lorentz, chiral, and local gauge symmetries, are necessarily respected. In the present work we for the first time perform the calculation within nonlocal regularization, which is consistent with all of the above symmetry require-
ments. An advantage of the nonlocal method is that only a single parameter, Λ, is needed to regulate all of the on-shell, off-shell and δ functions associated with each of the diagrams in Figs. 1 and 2 .
Following Ref. [15] , in the present analysis we adopt a dipole shape in the meson virtu-ality k 2 for the regulator functions for the one-loop contributions, parametrized by a cutoff parameter Λ,
where D Λ = k 2 − Λ 2 + iε. The cutoff Λ can be determined by fitting the calculated mesonexchange cross section to differential cross sections data for inclusive baryon production in high-energy pp scattering, pp → BX, for different species of baryon B. Summing over the particles X in the final state, the differential inclusive baryon production cross sections can be written as
where E is the incident proton energy andȳ ≡ 1 − y is the longitudinal momentum fraction of the incident proton carried by the produced baryon B. In Eq. (44) we have used the fact that for spin-averaged scattering the differential cross section is independent of the azimuthal angle. Available data exist on inclusive neutron and ∆ ++ production [33] [34] [35] , as well as on Λ and Σ * + production [34, 36, 37] in the hyperon sector. In principle, the cutoffs may depend on the baryon B, although within the SU(3) symmetry framework we do not expect large variations among the different Λ values.
Once the cutoffs are determined and the one-loop splitting functions are fixed, these can then be convoluted with the various meson and baryon PDFs in Eqs. (9) and (10) to compute the contributions to the PDFs in the proton. In the numerical calculations the input PDFs of the pion and kaon are taken from Aicher et al. [38] . The spin-averaged PDFs of the proton are from Ref. [39] , while the spin-dependent PDFs are taken from Ref. [40] . Since the valence pion and proton PDFs are reasonably well determined, at least compared with the sea quark distributions, using other pion [41] [42] [43] [44] [45] or proton [46, 47] parametrizations will not lead to significant differences.
A.d −ū asymmetry
Turning to the light antiquark asymmetry in the proton sea, within the chiral effective theory framework the primary source of the asymmetry is the meson rainbow and bubble diagrams in Fig. 1 . In this approximation thed−ū difference does not depend directly on the structure of the baryon coupling diagrams in Fig. 2 , but only on the splitting functions and the substructure of the pion. More specifically, from Eq. (9) one can write the contribution to thed −ū difference in the proton as the convolution
where the first (octet rainbow) term in the brackets is from Fig. 1(a) , the second and third (decuplet rainbow) terms correspond to Fig. 1(b) , and the fourth (bubble) term is from Fig. 1(c) . Using the notations of Ref. [15] , the splitting functions in Eq. (45) for the rainbow and bubble diagrams can be expressed in terms of octet and decuplet basis functions. In particular, for the πN configuration the function f
π + n is given by a sum of nucleon on-shell and δ-function contributions,
where D and F are the SU (3) functions are proportional to δ(y) [15] , and therefore contribute to thed −ū asymmetry only at x = 0 [29, 30] . In the pointlike limit, in which the form factor cutoff Λ → ∞, the nonlocal function δf For the π∆ contributions to the asymmetry in Eq. (45), the splitting function for the rainbow diagram in Fig. 1(b) includes several regular and δ-function terms,
where M = M + M ∆ , and C is the meson-octet-decuplet baryon coupling, which is related to the πN ∆ coupling constant g πN ∆ by C = √ 2f g πN ∆ [15, 30] . As for the πN case, the on-shell function for the ∆ intermediate state, f
∆ , is nonzero for y > 0, with a shape that is qualitatively similar to f (on) N , but peaking at smaller y because of the positive ∆-nucleon mass difference [15, 31, 32] . The on-shell end-point function, f (on end) ∆ , also has a similar shape for finite Λ, but in the Λ → ∞ limit is associated with an end-point singularity that gives a δ-function at y = 1. The off-shell components of the ∆ propagator induce several terms that are proportional to δ-functions at y = 0. The functions f ∆ is a new function that appears only for the decuplet intermediate state [30] .
Finally, the bubble diagram contribution to thed −ū asymmetry, f (bub) π , in Fig. 1(c) is given by the same combination of basis δ-function contributions as for the rainbow diagrams,
Although this term gives a nonzero PDF only at x = 0, since it contributes to the integral of d −ū, it will indirectly affect the normalization for x > 0. On the other hand, experimental cross sections are in practice available only for x > 0, so that the δ-function pieces are generally difficult to constrain directly, especially in regularization schemes that use different regulator parameters for the δ-function and y > 0 contributions [30] . The advantage of the nonlocal approach employed here is that by consistently introducing a vertex form factor in coordinate space in the nonlocal Lagrangian [15] , the same regulator function then appears in all splitting functions derived from the fundamental interaction, which in our case is parametrized through the single cutoff Λ. Even if experimental data constrain only contributions at x > 0, such as from the on-shell functions, once determined these can then be used to compute other contributions, including those at x = 0.
Following Refs. [19, 20, 31] , we can constrain the parameter Λ for the octet intermediate states by comparing the one-pion exchange contribution with the differential cross section for the inclusive charge-exchange process pp → nX at y > 0,
where s is the invaraiant mass squared of the reaction. The functionf 
The cross section σ π + p tot (ys) in Eq. (49) is the total π + p scattering cross section evaluated at the center of mass energy ys. In the numerical calculations, we use the (approximately energy independent) empirical value σ π + p tot = 23.8(1) mb [48] . For the SU(3) couplings we take D = 0.85 and F = 0.41, which gives a triplet axial charge g A = (2ᾱ (1) −β (1) )/3 = D + F = 1.26 and an octet axial charge g 8 =ᾱ (1) +β (1) = 3F − D = 0.38.
The results for the differential neutron production cross section are shown in Fig. 3 versusȳ. The experimental data are typically presented as a function of the ratio 2p L / √ s,
where p L is the longitudinal momentum of the produced baryon in the center of mass frame;
at high energies, however, this is equivalent toȳ. In Fig. 3(a) we compare our results with the neutron production data from the ISR at CERN at energies √ s between ≈ 31 and 63 GeV for 0 • neutron production angles, or k 2 ⊥ = 0 [33] . Data from the hydrogen bubble chamber experiment at the CERN proton synchrotron at √ s ≈ 5 and 7 GeV [34] are shown in Fig. 3(b) for the k ⊥ -integrated neutron cross section. Because the pion-exchange processes is dominant only at largeȳ [49] , with contributions from background processes such as the exchange of heavier mesons [31, 50, 51] becoming more important at lowerȳ, we include data only in the regionȳ > 0.7. Corrections from rescattering and absorption are also known to play a role in inclusive hadron production, and are estimated to be around 20% at high values ofȳ [51] [52] [53] . A good description of the single and double differential neutron data can be achieved with a cutoff parameter Λ πN = 1.0(1) GeV. A marginally larger value is found if fitting only the double differential data, and slightly smaller value for just the k ⊥ -integrated cross section, but consistent within the uncertainties.
For the inclusive production of decuplet baryons, the invariant differential cross section for an inclusive ∆ ++ in the final state can be written for y > 0 as
where σ pπ − tot is the total π − p scattering cross section. In our numerical calculations we assume this to be charge independent, so that σ π − p tot ≈ σ π + p tot , and for the coupling constant C we take the SU(6) symmetric value C = −2D = −1.72. The functionsf 
respectively. The k 2 ⊥ -integrated ∆ ++ cross section is shown in Fig. 3 (c) compared with hydrogen bubble chamber data taken at Fermilab for √ s ≈ 20 GeV [35] . A good fit to the data is obtained with a value of the decuplet cutoff of Λ π∆ = 0.9(1) GeV, which is slightly smaller than that for the neutron production cross sections. To examine the model dependence of the analysis, for comparison we also fitted the hadron production cross sections in Figs. 3(a) -(c) using instead the Pauli-Villars regularization for the local effective theory [19, 20] . The explicit forms of the Pauli-Villars regularized octet on-shell splitting functions can be found in [19, 20] . The result for the sum of the decuplet onshell and on-shell end-point functions is as in Eq. (96) of [19] , with the integral regularized by a factor (1 + 4D π∆ /D Λ∆ ), where D π∆ and D Λ∆ are momentum dependent functions given in Eq. (86) of [19] . The results for the best fit Pauli-Villars mass parameters Λ Fig. 3 , and are similar to those for the nonlocal calculation. While there is some difference in the shape of the calculated k ⊥ -integrated neutron production cross section in Fig. 3(b) at smaller values ofȳ, in the region where the data provide constraints the Pauli-Villars results lie within the uncertainty bands of the nonlocal curves.
Using the values of Λ πN and Λ π∆ for our nonlocal calculation constrained by the pp cross sections in Fig. 3 , we next evaluate the flavor asymmetryd −ū from the convolution of the splitting functions and the pion PDF in Eq. (45) . The results for x(d −ū) are shown in Fig. 4 , and compared with the asymmetry extracted from the E866 Drell-Yan lepton-pair production data from Fermilab [4] . At nonzero x values only the on-shell nucleon and ∆ and end-point ∆ terms contribute to the asymmetry, each of which is indicated in Fig. 4 . The positive nucleon on-shell term makes the largest contribution, which is partially cancelled by the negative ∆ contributions. For the values of the cutoffs used here, the end-point term is relatively small compared with the on-shell ∆ component.
Although the δ-function contributions to the flavor asymmetry are not directly visible in Fig. 4 , their effect can be seen in the lowest moment of the asymmetry,
The contributions from the individual on-shell, end-point and δ-function components of the πN and π∆ rainbow and the π bubble diagrams to the moment are shown in Fig. 5 versus the dipole cutoff parameter Λ (= Λ πN or Λ π∆ ), for the approximate ranges of values found in the fits in Fig. 3 . For the best fit values Λ πN = 1.0(1) GeV and Λ π∆ = 0.9(1) GeV, the contributions from the individual terms in Eqs. (45)- (48) are listed in Table VII, Fig. 1(a) ], including on-shell (solid red curve), and local (dotted blue) and nonlocal (dot-dashed green) δ-function terms; (b) the pion bubble [ Fig. 1(c) ], including local (dotted blue) and nonlocal (dot-dashed green) δ-function pieces; (c) the π∆ rainbow [ Fig. 1(b) ], including on-shell (solid red), end-point (dashed red), local (dotted blue) and nonlocal (dot-dashed green) δ-function, and local decuplet δ-function (dotted black) contributions.
after extrapolation. Note that the extrapolations by different analyses are often based on different assumptions for the asymptotic x → 0 and x → 1 behavior, so that a direct comparison of extrapolated results is problematic. Nevertheless, the general magnitude of the asymmetry is comparable with that found in our calculation, even with the uncertainties about the x = 0 and extrapolated contributions.
all nonperturbatively generated strangess resides in the intermediate state hyperons, from
Eq. (10) the loop contributions to the strange quark PDF in the proton can be written as For the octet hyperon rainbow diagrams, Fig. 2(d) , the individual splitting functions can be written in terms of the on-shell, off-shell and δ-function basis functions as
2f (rbw)
where the functions f 
respectively.
For the decuplet hyperon contributions, the respective splitting functions are given by 2f (rbw)
for the decuplet rainbow diagram in Fig. 2(g) ,
for the Kroll-Ruderman diagram in Fig. 2(h) , and 2 δf
for the nonlocal Kroll-Ruderman diagram in Fig. 2(i) . The expressions for the decuplet basis 
in terms of the local and nonlocal basis functions f K . To determine the regulator mass parameter for the kaon-hyperon-nucleon vertices in Figs. 1 and 2, we consider inclusive hyperon production cross sections in pp collisions, in analogy with the neutron and ∆ production above. Data on inclusive Λ production are available from the 2 m hydrogen bubble chamber at the CERN proton synchrotron [34] and the 12-foot hydrogen bubble chamber at ANL [36] , and on inclusive Σ * production from CERN bubble chamber experiments [37] . The corresponding differential cross sections for inclusive Λ and Σ * production (for y > 0) are given by 
In Eqs. (67) and (68) σ K + p tot and σ K 0 p tot are the total kaon-proton scattering cross sections, evaluated at invariant mass sy. For the numerical calculations we take the empirical value for σ K + p tot = 19.9(1) mb from Ref. [48] , independent of energy. As there are no data for the K 0 p total cross section, we assume charge symmetry and relate this to the measured K + n cross section, σ K 0 p tot ≈ σ K + n tot = 19.7(1) mb [54] .
In a similar vein to the pion exchange analysis of neutron and ∆ production discussed above, in Fig. 6 we compare the inclusive pp → ΛX and Σ * + X cross sections forȳ > 0.7
with the kaon exchange contributions calculated from Eqs. (67) and (68) . The best fit to the CERN bubble chamber Λ production data from Ref. [34] at k ⊥ = 0.075 GeV [ Fig. 6(a) ] and the k ⊥ -integrated data from Ref. [36] [ Fig. 6(b) ] yields a dipole regulator mass Λ KΛ = 1.1(1) GeV, similar to the value found for the πN cutoff parameter from the inclusive neutron production data in Fig. 3 . Comparison of the singly differential decuplet Σ * + production data at largeȳ [ Fig. 6(c) ] with the kaon exchange cross section in Eq. (68) gives a best fit for the decuplet regulator mass of Λ KΣ * = 0.8(1) GeV. The cutoff parameter for the decuplet baryon is again slightly smaller than that for the octet baryon, as was found for the pion exchange contributions to the neutron and ∆ cross sections in Fig. 3 .
With these values of the cutoffs, we can compute the kaon loop contributions to the strange and antistrange distributions in the proton, and estimate the shape and magnitude of the strange asymmetry s −s. In Fig. 7 the various octet and decuplet contributions to xs and xs are shown for the best fit parameters Λ KΛ = Λ KΣ = 1.1 GeV and Λ KΣ * = 0.8 GeV. For the xs PDF in Fig. 7(a) , the octet on-shell contribution from the rainbow diagram [ Fig. 1(a) ] dominates over the decuplet on-shell and end-point terms from the decuplet rainbow [ Fig. 1(b) ]. The resulting xs distribution peaks at x ≈ 0.1 and essentially vanishes beyond x ≈ 0.6. The δ-function terms from the rainbow diagrams as well as from the kaon bubble diagram [ Fig. 1(c) ] contribute tos only at x = 0 and so do not appear in Fig. 7(a) . In contrast, for the strange quark distribution, from the convolution in Eq. (58) one finds that all terms from each of the rainbow, Kroll-Ruderman and tadpole diagrams in A qualitatively similar scenario is evident in Fig. 7(c For the strange s moment, on the other hand, the structure of the convolution in Eq. (58) means that all of the contributions to s(x) are at x > 0, including ones involving δ-function 
It is instructive, however, to observe the origin of the asymmetry in our chiral effective theory formulation. As mentioned above, there are no contributions to the momentum carried bys quarks from any of the δ-function terms from the rainbow or kaon bubble diagrams, so that only the on-shell and on-shell end-point terms are nonzero. In contrast, all terms, including δ-function, contribute to the momentum carried by s quarks. The result is a relatively small asymmetry that survives the cancellation of the (positive) on-shell s ands terms, with large contributions from individual off-shell and δ-function terms. As illustrated in Fig. (8) for the various contributions to the strange momentum asymmetry versus the regulator cutoff mass, the largest of these in magnitude is the (negative) f Experimentally, identifying an asymmetry of this size will be challenging, but not impossible. Traditionally, inclusive charm meson production in charged current neutrino and antineutrino DIS from nuclei has been used to provide information about the s and s PDFs in the nucleon, and analyses of data from neutrino experiments at BEBC [56] , CDHS [57] , CDHSW [58] , CCFR [59] and NuTeV [60, 61] have yielded values in the range [62] [63] [64] . Unfortunately, the neutrino-nucleus data are known to be affected by uncertainties in nuclear medium effects when relating nuclear structure functions to those of free nucleons [65] , and in the nuclear dependence of charm quark energy loss and D-meson interactions during hadronization in the nuclear medium [66, 67] .
Alternatively, the s ands distributions can be constrained by K ± meson production data from semi-inclusive deep-inelastic scattering (SIDIS) off protons and deuterons, such as from the HERMES [68, 69] or COMPASS [70] experiments. In a first of its kind global analysis, the JAM Collaboration recently fitted both the SIDIS and inclusive DIS data, along with other high energy scattering data, within a Bayesian likelihood analysis using Monte Carlo techniques to simultaneously determine both the spin-averaged PDFs and parton-to-hadron fragmentation functions [71] . The analysis found a suppressed strange content in the nucleon at large x, and found no clear evidence for a nonzero s −s asymmetry within relatively large uncertainties. In future, high-precision SIDIS data from the Jefferson Lab 12 GeV program or from the planned Electron-Ion Collider should provide better constraints on the s ands PDFs, as may W + charm production data from pp collisions at the LHC [72] [73] [74] .
An important consequence of a better determination of the s−s asymmetry in the nucleon is more robust constraints on the weak mixing angle sin 2 θ W extracted from the NuTeV data on ν andν nuclear cross sections [75] . For the total strange asymmetries range found in this analysis, 0.9 × 10 −3
x(s −s) 2.5 × 10 −3 , the resulting correction to the weak angle lies in the range −0.9 × 10 −3 ∆ sin θ 2 W 2.4 × 10 −3 , or between 18% and 49% of the total quoted discrepancy [60, 75] (see Refs. [76] for a review and further discussion).
V. CONCLUSION
In this paper we have calculated the contributions to the sea quark distributions in the proton which are generated within a nonlocal chiral effective field theory. Large cancellations also appear in the x-weighted asymmetry x(s −s), which remains small but positive across all x, with the integrated value lying in the range 0.9 × 10 −3
x(s −s) 2.5 × 10 −3 . This is broadly consistent with previous determinations from neutrino scattering experiments [59, 61] , although the uncertainties on the empirical bounds are rather large. A nonzero moment x(s −s) leads to a correction [64] to the NuTeV extraction of sin 2 θ W [75] . Our result supports the idea that the strange-antistrange quark asymmetry may indeed reduce the NuTeV anomaly by up to one standard deviation, which, along with other corrections such as charge symmetry breaking in the nucleon sea [78] [79] [80] and the isovector EMC effect [81] , may account for the apparent anomaly entirely in terms of Standard Model physics. 
